Inhibitory feedback from horizontal cells (HCs) to cones generates center-surround receptive fields and color opponency in the retina. Mechanisms of HC feedback remain unsettled, but one hypothesis proposes that an ephaptic mechanism may alter the extracellular electrical field surrounding photoreceptor synaptic terminals, thereby altering Ca 2ϩ channel activity and photoreceptor output. An ephaptic voltage change produced by current flowing through open channels in the HC membrane should occur with no delay. To test for this mechanism, we measured kinetics of inhibitory feedback currents in Ambystoma tigrinum cones and rods evoked by hyperpolarizing steps applied to synaptically coupled HCs. Hyperpolarizing HCs stimulated inward feedback currents in cones that averaged 8 -9 pA and exhibited a biexponential time course with time constants averaging 14 -17 ms and 120 -220 ms. Measurement of feedback-current kinetics was limited by three factors: (1) HC voltage-clamp speed, (2) cone voltage-clamp speed, and (3) kinetics of Ca 2ϩ channel activation or deactivation in the photoreceptor terminal. These factors totaled ϳ4 -5 ms in cones meaning that the true fast time constants for HC-to-cone feedback currents were 9 -13 ms, slower than expected for ephaptic voltage changes. We also compared speed of feedback to feedforward glutamate release measured at the same cone/HC synapses and found a latency for feedback of 11-14 ms. Inhibitory feedback from HCs to rods was also significantly slower than either measurement kinetics or feedforward release. The finding that inhibitory feedback from HCs to photoreceptors involves a significant delay indicates that it is not due to previously proposed ephaptic mechanisms.
Introduction
Synaptic processing of visual information begins at photoreceptor synapses. Similar to lateral inhibition discovered in Limulus retina (Hartline et al., 1956) , inhibitory feedback from retinal horizontal cells (HCs) to cones and rods in vertebrate retina generates center-surround receptive fields important for spatiotemporal gain control (Cadenas et al., 1994; Reifsnider and Tranchina, 1995; VanLeeuwen et al., 2009) , edge detection and color-opponent interactions important for color vision (for review, see Thoreson and Mangel, 2012) . Despite years of study since horizontal cell feedback was first found in vertebrate retina (Baylor et al., 1971) , its mechanisms remain unsettled (Thoreson and Mangel, 2012; Kramer and Davenport, 2015) . It was initially proposed that HC feedback might involve GABAergic disinhibition (Lam et al., 1978) . While GABA plays a role (Wu, 1991; Tatsukawa et al., 2005; Liu et al., 2013; Kemmler et al., 2014; Hirano et al., 2016) , the inability of GABA receptor antagonists to block feedback in a variety of species showed the importance of other mechanisms (Thoreson and Burkhardt, 1990; Verweij et al., 1996 Verweij et al., , 2003 Hirasawa and Kaneko, 2003) . In particular, it has been found that HCs inhibit synaptic release from photoreceptors by shifting the voltage dependence of L-type Ca 2ϩ channels in cone and rod terminals (Verweij et al., 1996; Thoreson et al., 2008) . Two mechanisms have been proposed to account for feedback regulation of photoreceptor I Ca . One is chemical involving local pH changes in the synaptic cleft (Hirasawa and Kaneko, 2003; Wang et al., 2014) , and the other is a purely electrical ephaptic mechanism (Byzov and Shura-Bura, 1986) . For the latter, Byzov and Shura-Bura (1986) proposed that current flowing through the invaginating synaptic cleft into HCs when they hyperpolarized to light could produce small local changes in extracellular voltage sensed by adjacent Ca 2ϩ channels in the cone terminal. Kamermans et al. (2001a) elaborated on this mechanism by hypothesizing that currents responsible for ephaptic voltage changes flowed through continuously open hemigap junctions at tips of HC dendrites.
The term ephaptic was derived by Arvanitaki (1942) from a Greek word meaning the act of touching. Electrical communication through gap junctions is common (Pereda, 2014) , but examples of ephaptic communication are more limited (Anastassiou and Koch, 2015) . Ephaptic voltage changes arising from current flow through continuously open channels are effectively instantaneous. The presence of ephaptic transmission can therefore be demonstrated by showing that it is faster than conventional chemical synaptic transmission or that it matches time-resolution capabilities of the electrode (Blot and Barbour, 2014) . In goldfish retina, HC light responses and responses of cones to light-evoked changes in negative feedback from HCs showed nearly identical kinetics, leading to the suggestion that a component of negative feedback from HCs is instantaneous (Kamermans et al., 2001b; Vroman et al., 2013 Vroman et al., , 2014 . However, light response kinetics of photoreceptors and HCs are slow, with times to peak of tens of milliseconds (Baylor et al., 1971; Yamada et al., 1985; Yang and Wu, 1989) . The inherently slow kinetics of HC light responses limits the temporal resolution of comparisons with small, slow cone feedback responses. To rapidly alter HC feedback and test for an ephaptic mechanism, we measured kinetics of inhibitory feedback by applying voltage steps to HCs while recording feedback-induced changes in Ca 2ϩ currents (I Ca ) from simultaneously voltage-clamped rods and cones. We compared kinetics of feedback-induced changes in photoreceptor I Ca with limits placed on measurement resolution by voltage-clamp speeds of the two cells and Ca 2ϩ channel kinetics. Because ephaptic transmission should be faster than chemical transmission, we also compared feedback kinetics to feedforward kinetics of glutamate release from photoreceptors to HCs measured at the same synapses. These comparisons revealed median delays of 7-10 ms for HC-to-cone feedback and 5-8 ms for HC-to-rod feedback, much slower than predicted for an ephaptic mechanism. Eliminating ephaptic voltage changes leaves pH changes in the cleft as the best candidate for mediating negative feedback regulation of photoreceptor I Ca by HCs.
Materials and Methods
Preparation. Vertical slices of salamander retina were used to study negative feedback from HCs to cones and rods as described in detail previously . Aquatic phase tiger salamanders (Ambystoma tigrinum, 18 -25 cm in length, both male and female, Charles D. Sullivan) were housed on a 12 h light/dark cycle. Experiments were performed in light-adapted retinas and begun 1-2 h into the dark phase. Animals were killed in an ethical manner in accordance with protocols approved by the Institutional Animal Care and Use Committee at the University of Nebraska Medical Center. Salamanders were anesthetized by immersion in MS222 (0.25 g/L) for Ն15 min and then rapidly decapitated and pithed. The head was hemisected and an eye was enucleated. The front of the eye was removed and the remaining eyecup cut into three or four sections. A piece of eyecup was placed with retinal ganglion cells down on a rectangular piece of nitrocellulose filter paper (5 ϫ 10 mm). The retina was isolated by peeling away the retinal pigment epithelium, choroid, and sclera. The filter paper and attached retina was cut into 125-m-wide strips using a tissue slicer (Stoelting). Slices were rotated 90 degrees and positioned in a recording chamber where they were superfused at ϳ1 ml/min with pH 7.4 bicarbonate-buffered amphibian saline solution (all in mM as follows: 101 NaCl, 22 NaHCO 3 , 2.5 KCl, 2.0 CaCl 2 , 0.5 MgCl 2 , 11 glucose). Solutions were bubbled continuously with 95% O 2 /5% CO 2 . For some experiments, this solution was supplemented with HEPES (1-20 mM). When using HEPES, the solution was bubbled for at least 5 min with 95% O 2 /5% CO 2 and then the pH was adjusted to 7.4 using NaOH. In some experiments, we used picrotoxinin to block GABA receptors. Picrotoxin is an equimolar mixture of picrotin and picrotoxinin; the latter is more selective for GABA a and GABA c receptors (Curtis and Johnston, 1974; Qian et al., 2005; Wang et al., 2007) . In other experiments, CdCl 2 was diluted from 1:100 stock solution into the superfusate just before application to the retina. Retinal slices were viewed through a long-working distance, water-immersion objective (Olympus 40ϫ, 0.7 NA or Nikon 60ϫ, 1.0 NA) on an upright-fixed stage microscope (Olympus BH2-WI or Nikon E600FN).
Electrophysiology. Patch pipettes for whole-cell patch-clamp recordings were pulled from borosilicate glass (1.2 mm outer diameter, 0.95 mm inner diameter, with an internal filament, World Precision Instruments) using a PP-830 micropipette puller (Narishige). The intracellular recording solution used in the patch pipettes consisted of the following (in mM): 50 Cs-gluconate, 40 Cs-glutamate, 10 TEA-Cl, 3.5 NaCl, 1 CaCl 2 , 1 MgCl 2 , 9.4 Mg-ATP, 0.5 Na-GTP, 5.0 EGTA, 10 HEPES, pH 7.2. Pipette resistance with this solution was between 10 and 15 M⍀. Photoreceptors and HCs were voltage-clamped using a Multiclamp 700A (Molecular Devices) or with an Axopatch 200B patch-clamp amplifier (Molecular Devices) paired with an Alembic VE-2 amplifier (Alembic Instruments). In some experiments, pipette series resistance (R s ) was compensated by 70% using the Multiclamp amplifier circuitry. Wholecell currents were digitized with Axon Digidata 1440A or 1550 interfaces and acquired using Clampex 10 software (Molecular Devices). Voltage values were not corrected for a measured liquid-junction potential (LJP) of Ϫ9 mV.
Rods, cones, and HCs were identified by their characteristic anatomical and physiological properties . To determine whether a photoreceptor and HC were synaptically connected, we tested for an excitatory postsynaptic current (PSC) in the horizontal cell (V hold ϭ Ϫ60 mV) evoked by a step depolarization applied to the photoreceptor (50 -100 ms, from Ϫ70 to Ϫ10 mV).
Data were analyzed using Clampfit (Molecular Devices) and Prism 4 (GraphPad). Statistical significance was evaluated by regression analysis, Student's t tests, and ANOVA with p Ͻ 0.05. We used MATLAB (The MathWorks, RRID:SCR_001622) to evaluate solutions to our mathematical model for signal propagation in the HC dendrite in response to a voltage-clamp step applied to the HC soma.
Results

Measurement of HC-to-cone feedback
As illustrated in Figure 1 , to study feedback from HCs to cones, we voltage-clamped both a cone and HC at Ϫ30 mV for 2-3 s to simulate a period of darkness. We then hyperpolarized the HC to Ϫ90 mV (0.5 s) to simulate a saturating bright flash of light. Finally, we returned the HC holding potential to Ϫ30 mV for another 0.5 s. In addition to membrane currents in the HC itself, hyperpolarizing the HC stimulated an inward feedback current in the presynaptic cone (Fig. 1B-D) . At a holding potential of Ϫ30 mV (Ϫ39 mV after correcting for the LJP), the L-type I Ca in cones is partially activated. The inward feedback current in the cone (Fig. 1B-D) results from a feedback-induced increase in I Ca at this potential caused by a negative shift in I Ca voltage dependence as well as an overall increase in I Ca amplitude (Verweij et al., 1996; Cadetti and Thoreson, 2006) . Inward feedback currents measured in cones voltage-clamped at Ϫ30 mV averaged Ϫ8.3 Ϯ 1.2 pA (N ϭ 27). We averaged feedback currents in each cell pair from 3 to 10 trials. To enhance I Ca activation and thereby increase feedback current amplitude, we sometimes set the cone holding potential to a more positive potential of Ϫ20 mV (Ϫ29 mV after correcting for the LJP). Inward feedback currents measured in cones at a holding potential of Ϫ20 mV averaged Ϫ9.0 Ϯ 1.0 pA (N ϭ 20). Like feedback-induced changes in cone I Ca observed in other studies (Hirasawa and Kaneko, 2003; Cadetti and Thoreson, 2006) , inward feedback currents were abolished by Cd 2ϩ (200 M; N ϭ 4) and inhibited in a dose-dependent fashion by addition of the pH buffer, HEPES, to the superfusate (1 mM, 30.6 Ϯ 12.6% inhibition, N ϭ 11; 10 mM, 86.5 Ϯ 3.9%, N ϭ 5; 20 mM, 94.0 Ϯ 2.0%, N ϭ 8). At a concentration of 20 mM, HEPES typically abolished feedback (e.g., Fig. 1F ), although in a few cells a small residual current still remained even at this concentration. Residual currents showed similar kinetics to control currents: fast time constants measured at onset and offset of feedback were not altered significantly by addition of 1 mM HEPES (onset, p ϭ 0.098; offset, p ϭ 0.273). The mechanism by which changes in HC Note the small inward current in the cone evoked by the hyperpolarizing step applied to the simultaneously voltage-clamped HC (circle). C, Expanded view of the inward current evoked by HC feedback in the cone and fit with a double-exponential curve ( 1 ϭ 19.5 ms, 2.84 pA; 2 ϭ 384 ms, 7.52 pA). D, E, Even more magnified views of the feedback current in the cone showing single exponential fits to onset ( on ϭ 15.6 ms) (D) and offset ( off ϭ 7.9 ms) (E) of the feedback-induced current. F, Supplementing the bicarbonate-buffered superfusate with HEPES (20 mM) while maintaining the pH at 7.4 reversibly abolished feedback currents. Black trace represents control. Red trace represents HEPES. Gray trace represents wash. Data from a different HC/cone pair. membrane potential alter free proton levels in the cone synaptic cleft appears to involve changes in the flux of bicarbonate ions across the HC membrane (Liu et al., 2013; Warren et al., 2016) . Additional buffering by HEPES would not be expected to alter the rate of bicarbonate flux, and this may explain why HEPES had little effect on the speed of feedback. The noncompetitive GABA a/c antagonist, picrotoxinin (30 M), did not cause a significant change in feedback current amplitude (picrotoxinin, 10.5 Ϯ 3.0 pA; control, 8.6 Ϯ 2.3 pA, N ϭ 5, p ϭ 0.15, paired t test).
At onset of the hyperpolarizing step applied to the HC, inward feedback currents in cones increased with a time course that could typically be fit with a double exponential function. Figure  1C shows a double exponential fit to the inward feedback current evoked in a cone by a hyperpolarizing step applied to the HC ( 1 ϭ 19.5 ms, 2 ϭ 384 ms). We saw two exponential components in 30 of 33 experiments conducted when cones were held at Ϫ30 mV and in 24 of 24 experiments when cones were held at Ϫ20 mV. Time constants for the slow component averaged 223 Ϯ 26.7 ms (N ϭ 30) and 174 Ϯ 24.0 ms (N ϭ 24) when cones were held at Ϫ30 and Ϫ20 mV, respectively. We held cones at Ϫ30 or Ϫ20 mV for 2-3 s before applying a hyperpolarizing voltage step to a postsynaptic HC to test for feedback. In most cases, this interval was sufficient for voltage-dependent currents in the cone to stabilize (e.g., Fig. 1B ), but some cones showed continued slow inward or outward current changes even after 2-3 s; these slow changes likely impacted measurement of the slow time constant.
To determine whether feedback currents were fast enough to result from an ephaptic mechanism, we wanted to identify the fastest initial change in feedback currents. To do so, we fit the earliest part of the feedback current using a single exponential function. We fit the first 20 -40 ms of the cone feedback current observed at onset of the HC voltage step, adjusting the fitting region to find the fastest time constant that could accurately describe the initial portion of the feedback current. In the example shown in Figure 1D , the initial increase in inward feedback current was fit with a fast time constant of 15.6 ms. Overall, fast time constants measured in this way averaged 17.3 Ϯ 1.6 ms (N ϭ 33) and 14.5 Ϯ 1.3 ms (N ϭ 24) when cones were held at Ϫ30 and Ϫ20 mV, respectively.
At offset of the hyperpolarizing step applied to the HC, the feedback current diminished. The decrease in feedback also typically followed a two exponential time course. A second component was observed in 21 of 30 experiments conducted when the cone was held at Ϫ30 mV and 23 of 25 experiments when the cone was held at Ϫ20 mV. Slow time constants averaged 120 Ϯ 21.1 ms (N ϭ 21) and 196 Ϯ 23.5 ms (N ϭ 22) when cones were held at Ϫ30 and Ϫ20 mV, respectively. As with onset of the feedback current, we adjusted the fitting region within the first 20 -40 ms following offset of the HC voltage step to find the region where a single exponential fit yielded the fastest change in feedback current (Fig. 1E ). Fast time constants for offset of the feedback current averaged 16.3 Ϯ 1.6 ms (N ϭ 33) and 15.2 Ϯ 1.5 ms (N ϭ 24) when cones were held at Ϫ30 and Ϫ20 mV, respectively. The fast time constants observed at onset and offset of feedback did not differ significantly from one another (Ϫ30 mV, p ϭ 0.47; Ϫ20 mV, p ϭ 0.36).
On the assumption that an ephaptic mechanism should be less sensitive to temperature than a chemical mechanism, we manipulated bath temperature using an inline Peltier device to cool the superfusate by 4°C-5°C. Feedback slowed as the superfusate was cooled with a Q 10 for feedback time constants (measured at cone V m ϭ Ϫ20 mV) of ϳ3 (feedback current onset, 3.85 Ϯ 0.54, N ϭ 5; feedback current offset, 2.60 Ϯ 0.50; combined average, 3.22 Ϯ 0.40). However, the time constants for I Ca offset at termination of 100 ms step to Ϫ20 mV showed a similar Q 10 (2.70 Ϯ 0.95, N ϭ 9), consistent with reports on L-type channels in other preparations (Cota et al., 1983; Cavalié et al., 1985) . Because Ca 2ϩ channel Q 10 values did not differ significantly from feedback Q 10 values (comparison with feedback offset, p ϭ 0.94, unpaired t test; comparison with feedback onset, p ϭ 0.42), these experiments did not help us to distinguish between chemical and ephaptic mechanisms.
Measurement kinetics
Measurements of feedback time constants are limited by the speed at which a voltage step applied to the HC produces a change in cone Ca 2ϩ channel activity that can in turn be detected in the voltage-clamped cone. Measurements are thus limited by three factors: (1) the speed at which the membrane voltage changes at the synaptic terminus of the HC dendrite in response to a voltage step (determined by HC voltage-clamp speed); (2) the speed at which voltage changes in the cone terminal activate or deactivate Ca 2ϩ channels; and (3) the speed at which feedback-induced changes in I Ca can be measured in the voltage-clamped cone (determined by cone voltage-clamp speed). We consider each of these factors below.
HCs are large neurons connected to neighboring HCs by gap junctions. To examine the speed at which the HC membrane potential actually changes in response to an applied voltageclamp step, we recorded from single HCs simultaneously using two patch-clamp electrodes (inset, Fig. 2A ). One electrode was used to apply voltage steps via voltage clamp, whereas the other electrode was used to monitor the resulting membrane potential change in current-clamp mode but with no applied current. When a voltage step was applied to a voltage-clamped HC, the membrane current typically exhibited a biexponential charging curve ( Fig. 2A) . The accompanying voltage change measured by current clamp rose with a time course that was best described by a single exponential ( Fig. 2A) . The time constants for voltage changes measured by current clamp in HCs (2.23 Ϯ 0.34 ms with no R s compensation, N ϭ 5; 1.51 Ϯ 0.38 ms after compensating for 70% of the R s , N ϭ 5) closely matched the second time constant of the capacitative current decline measured simultaneously in voltage clamp (2.35 Ϯ 0.40 ms with no R s compensation, N ϭ 5; 1.44 Ϯ 0.25 ms after 70% R s compensation, N ϭ 5; paired t test, p ϭ 0.74, N ϭ 10). As a measure of the speed at which the HC membrane potential changed in response to the applied step, we therefore used the slower second time constant from the HC charging curve. In the sample of cell pairs where feedback currents were measured with cone holding potentials of Ϫ30 or Ϫ20 mV, the second time constant measured from capacitative currents in voltage-clamped HCs ( HC ) averaged 1.95 Ϯ 0.15 ms (N ϭ 33) and 2.22 Ϯ 0.22 ms (N ϭ 24), respectively. For comparison, the fast voltage-clamp time constant from capacitative currents in these same cells averaged 1.03 Ϯ 0.10 ms (N ϭ 33) and 1.18 Ϯ 0.14 ms (N ϭ 24) for Ϫ30 and Ϫ20 mV trials, respectively. HCs are less strongly coupled in retinal slices than in whole retina and so their input resistance can be relatively high (322 Ϯ 40 M⍀, N ϭ 27). We found no significant correlation between HC input resistance and feedback time constants (r 2 ϭ 0.0024; slope, p ϭ 0.73).
Cones have a large capacitance due to the generous membrane in-foldings of their outer segments. Nevertheless, the cone seems to behave like a single isopotential compartment in the sense that the decline in transient capacitance current was well described by a single exponential (Fig. 2C) . Cone voltage-clamp time constants ( cone ) averaged 2.07 Ϯ 0.15 ms (N ϭ 33) and 1.77 Ϯ 0.20 ms (N ϭ 24) in the samples where cones were voltage-clamped at Ϫ30 and Ϫ20 mV, respectively.
Photoreceptor terminals contain CaV1.4 L-type Ca 2ϩ channels (Morgans, 2001; Mansergh et al., 2005) and heterologously expressed mouse CaV1.4 channels can activate rapidly with a time constant of 0.6 ms in response to a strong depolarizing step (Baumann et al., 2004) . However, Ca 2ϩ channels activate more slowly with weaker depolarizing steps (Corey et al., 1984) . To measure I Ca kinetics in salamander cones, we voltage-clamped them at Ϫ30 mV and applied a 5 mV depolarizing step for 25 ms. We repeated this weak test step 100 times and averaged the resulting currents. To subtract passive capacitative and resistive currents, we clamped the same cones at Ϫ70 mV and repeated application of the 5 mV test step for 100 trials. In addition to including Cs ϩ and TEA in the patch pipette solution, we added 2 mM CsCl to the bathing solution to block I h currents that might be active at more negative potentials. After subtracting the passive currents, we observed a small inward I Ca averaging 5.8 Ϯ 1.9 pA (N ϭ 5). We fit I Ca activation at onset of the depolarizing step and deactivation at step offset with single exponentials. In the example shown in Figure 2B , I Ca activated with a time constant of 3.8 ms and deactivated with a time constant of 3.9 ms. On average, I Ca activated with a time constant of 3.06 Ϯ 0.22 ms and deactivated with a time constant of 4.18 Ϯ 0.65 ms (N ϭ 5). These time constants incorporate both the speed of cone voltage clamp as well as any additional contribution from channel activation or deactivation kinetics. By subtracting the cone voltage-clamp time constants from the I Ca time constants for each cone in this sample, we found that while cone voltage-clamp speed accounted for some of the observed I Ca kinetics, channel activation kinetics ( activ ) added an additional 0.83 Ϯ 0.38 ms and deactivation ( deactiv ) added 1.96 Ϯ 0.61 ms (N ϭ 5).
Together, the sum of these three time constants ( HC ϩ cone ϩ activ or HC ϩ cone ϩ deactiv ) represents the fastest speed at which a step applied to the HC would be expected to produce a measurable change in cone I Ca due to feedback. Summing these values yielded average resolution limits of 4.85 and 4.82 ms for onset of feedback in experiments where cones were voltageclamped at Ϫ30 and Ϫ20 mV, respectively. These values compare with average time constants for feedback onset of 17.3 and 14.5 One electrode was used to apply voltage steps via voltage clamp, whereas the other electrode was used to monitor the resulting membrane potential in current-clamp mode with zero current injection. Inset, Bright-field image of an HC with two pipettes. Top, Current measured by the voltage-clamp pipette during a voltage step from Ϫ60 to Ϫ40 mV. The capacitative current declined with a biexponential time course: 1 ϭ 0.59 ms and 2 ϭ 1.70 ms. The accompanying voltage change measured with the current-clamp pipette rose with a time course that was best described by a single exponential with ϭ 1.81 ms. B, I Ca kinetics measured in a cone by applying a 5 mV voltage step for 25 ms before returning to the command potential of Ϫ30 mV. To record passive capacitative and resistive currents, the cone was voltage-clamped at Ϫ70 mV and a 5 mV, 25 ms depolarizing test step was applied. I h was blocked by including 2 mM CsCl in the bathing solution. The plotted I Ca (dark solid trace) is the average of 100 trials after removal of the passive currents. The best-fitting single exponential curves for activation (dashed red, activ ) and deactivation (dashed blue, deactiv ) had time constants of 3.8 and 3.9 ms, respectively. C, Net passive membrane current (dark solid trace), comprised of capacitance and resistance components, in response to a voltage-clamp step from a steady command potential of Ϫ70 mV to Ϫ30 mV. The charging current curve was fit with a single exponential (solid red) whose time constant was 2.65 ms.
ms in Ϫ30 and Ϫ20 mV trials. At offset, feedback time constants averaged 16.3 and 15.1 ms in Ϫ30 and Ϫ20 mV trials with corresponding time resolution limits (incorporating I Ca deactivation rather than activation) of 5.98 and 5.95 ms. Figure 3A shows a scatter plot of the onset and offset time constants for feedback compared with summed time constants for HC ϩ cone together with either activ or deactiv . The differences between the feedback time constants ( on or off at cone holding potentials of Ϫ30 or Ϫ20 mV), and the corresponding measurement kinetics ( HC ϩ cone ϩ activ or HC ϩ cone ϩ deactiv ) were highly significant for all four paired comparisons (t tests, p Ͻ 0.0001).
If fast feedback is due to an ephaptic mechanism that operates with no delay, then the observed kinetics of feedback should be limited only by measurement kinetics. If so, feedback kinetics should be correlated with measurement kinetics. However, we found no significant correlation between the fast feedback time constants at onset ( on ) or offset ( off ) of the HC step compared with the overall voltage-clamp speed (i.e., the summed HC and cone membrane time constants in each pair) ( on , R 2 Ͻ0.0001; off , R 2 ϭ 0.0017, N ϭ 58). If kinetics of feedback currents are limited by measurement kinetics, then speeding up measurement capabilities should also speed up the measured feedback currents. We therefore tested whether compensating for 70% of the R s in both the cone and HC pipettes speeded up feedback kinetics. Shortening the cone and HC time constants improved overall measurement resolution by ϳ2.8 ms. However, in cell pairs where we compared recordings before and after 70% R s compensation, feedback currents were actually slightly (but not significantly) slower after R s compensation ( on , 1.3 Ϯ 2.0 ms slower after R s compensation, p ϭ 0.52; off , 0.1 Ϯ 2.5 ms slower after R s compensation, p ϭ 0.98, N ϭ 12 pairs, paired t tests). Thus, contrary to predictions of an ephaptic effect, the measured speed of feedback was not limited by voltage-clamp speed.
We defined the latency for feedback as the difference calculated by subtracting feedback time constants ( on or off ) from At onset of HC-to-cone feedback evoked by stepping the HC from Ϫ30 to Ϫ90 mV, the fast time constant averaged 17.3 Ϯ 1.6 ms ( on , Ϫ30 mV, N ϭ 33) when cones were held at Ϫ30 mV ( on , Ϫ30 mV) and 14.5 Ϯ 1.3 ms (N ϭ 24) when cones were held at Ϫ20 mV ( on , Ϫ20 mV). At offset of the HC test step, fast feedback time constants averaged 16.3 Ϯ 1.6 ms (N ϭ 33) and 15.2 Ϯ 1.5 ms (N ϭ 24) when cones were held at Ϫ30 ( off , Ϫ30 mV) and Ϫ20 mV ( off , Ϫ20 mV), respectively. The time resolution for these recordings was limited by the sum of the charging time constants in the cone ( cone ) and HC ( HC ) plus the time required for activation ( activ ) or deactivation of I Ca ( deactiv ). HC ϩ cone ϩ activ ϭ 4.85 Ϯ 0.23 ms and 4.82 Ϯ 0.33 ms for trials in which the cone V m ϭ Ϫ30 mV and Ϫ20 mV, respectively. HC ϩ cone ϩ deactiv ϭ 5.98 Ϯ 0.23 and 5.95 Ϯ 0.33 ms for trials in which the cone V m ϭ Ϫ30 mV and Ϫ20 mV, respectively. The differences between the feedback time constants ( on or off ) and corresponding measurement kinetics ( HC ϩ cone ϩ activ or HC ϩ cone ϩ deactiv ) were significant for all four comparisons (t tests, paired comparisons; p Ͻ 0.0001). B, The latencies for HC-to-cone feedback in individual cell pairs calculated by subtracting measurement time constants ( HC ϩ cone ϩ activ or HC ϩ cone ϩ deactiv ) from fast feedback time constants ( on or off ). The latencies for feedback measured at onset of the hyperpolarizing HC step averaged 12.5 Ϯ 1.6 (N ϭ 33) and 9.7 Ϯ 1.3 ms (N ϭ 24) for Ϫ30 and Ϫ20 mV trials, respectively. The 4 average latencies for feedback measured at offset were 10.3 Ϯ 1.6 and 9.3 Ϯ 1.4 ms for Ϫ30 and Ϫ20 mV trials, respectively. These values were all significantly greater than zero (one sample t test, p Ͻ 0.0001).
the summed time constants for temporal resolution ( HC ϩ Cone ϩ either activ or deactiv ) in each cell pair. If an ephaptic mechanism is responsible for the fast component, then latency values should cluster around 0 ms. However, latencies for feedback measured at onset of the hyperpolarizing HC step averaged 12.5 Ϯ 1.6 (N ϭ 33) and 9.7 Ϯ 1.3 ms (N ϭ 24) for Ϫ30 and Ϫ20 mV trials, respectively (Fig. 3B) . The average latencies for feedback measured at offset were 10.3 Ϯ 1.6 and 9.3 Ϯ 1.4 ms for Ϫ30 and Ϫ20 mV trials, respectively. Because distributions were skewed, the median values offer a better representation of the central tendencies of the data. The median latencies were slightly shorter: 9.6 and 8.2 ms for Ϫ30 and Ϫ20 mV trials at onset and 7.6 and 6.8 ms for Ϫ30 and Ϫ20 mV trials at offset, respectively.
Modeling and simulations
For paired recordings, we selected cones that were immediately above or displaced laterally from the HC body by one cell diameter (25 m) or less. To estimate a membrane length constant in HCs, we calculated membrane resistivity by dividing the average HC input resistance (322 M⍀) by the average membrane capacitance (42 pF at 1 F/cm 2 ) to obtain a value of 13,500 ⍀-cm 2 . This calculation probably underestimates the true membrane resistivity because it ignores coupling among HCs that should reduce the total input resistance but have minimal effects on whole-cell capacitance measurements. Cytoplasmic resistivity values typically range from 100 to 200 ⍀-cm (Pilwat and Zimmermann, 1985; Shelton, 1985; Oltedal et al., 2009; Fry et al., 2012) . At their termination, HC dendrites can be as narrow as 200 nm but widen considerably as they approach the cell body (Lasansky, 1973) . Choosing a value of 200 ⍀-cm for resistivity and a dendritic diameter of 200 nm yields a length constant of 260 m. Regions of larger diameter would exhibit longer length constants. These calculations suggested that HC patch pipettes were typically Ͻ0.1 length constant from the cone/HC synapses during paired recordings.
To examine questions of space clamp further, we developed a mathematical model to simulate a voltage step applied to the HC soma and evaluated the time course and magnitude of the membrane voltage at the synaptic tip of the HC dendrite. The dendrite was modeled as a passive, leaky cable with circular cross-section of radius, a, and length, L. The dendritic membrane was assumed to have uniform resistivity of R m ϭ 13,500 ⍀-cm 2 , capacitance per unit area C m ϭ 1 F/cm 2 , and cytoplasmic resistivity of 200 ⍀-cm. According to classical cable-equation theory, the electrotonic space constant, ϭ ͱaR m /; the resistance per unit length for longitudinal (axial) spread of current, r i ϭ /a 2 ; and the membrane time constant, m ϭ R m C m . We define R t as the total resistance to ground from the dendritic terminus via the synaptic cleft. The significance of R t with respect to determining the membrane potential at the dendritic terminus, V L ϭ def V͑L, t͒, can be appreciated by considering the regime in which L Ͻ Ͻ (e.g., L ϭ 0.1 ). In this regime, the steady-state membrane potential at the dendritic terminus is approximately given by the following:
Equation 1 shows that, in order for the intracellular dendritic voltage at the terminus (x ϭ L) to be a substantial fraction of ⌬v, R t has to be large compared with r i L; that is, R t ϭ 10 r i L, which would give V L ϱ Х 0.9⌬v. We solved analytically, by a Fourier transform method, the dendritic cable equation for the membrane potential V(x, t) with two boundary conditions: at x ϭ 0, we have V(0,t) ϭ ⌬v (for t Ն 0); and at x ϭ L we have Ϫr i dV͑x, t͒ dx
The second boundary condition says that the longitudinal current at the dendritic tip is equal to the current that flows to ground through its membrane via the synaptic cleft. The Fourier transform of the dendritic membrane potential at the dendritic terminus Ṽ ͑L, ͒ is given by the following:
where
In Equation 2, 1/i is the Fourier transform of the integral operator. Consequently, we solved for V( L, t) by taking the inverse Fourier transform of the term in curly bracket in Equation 2, as follows:
and then integrating over time. We computed the inverse Fourier transform of f͑͒ by using MATLAB's ifft function in a parameter regime in which the discrete Fourier transform provides an excellent approximation to the Fourier integral transform.
Because ⌬v times the expression in curly brackets in Equation 2 is the derivative of the response to a voltage-clamp step, it is analogous to an impulse response function after a scaling that makes its integral equal to 1. We refer to f(t) as a pseudo-impulse response function. A good measure of the latency of response at the dendritic terminus to a voltage-clamp step at the HC soma is the first moment of this normalized pseudo-impulse response function:
Assuming L ϭ 30 m and a ϭ 100 nm, the membrane potential at the tip of the dendrite evoked by a step applied to the soma has a latency d of Ͻ0.1 ms. Increasing dendritic radius, lowering cytoplasmic resistivity, or raising membrane resistivity all speed the voltage rise. To obtain latencies d that approach values observed for HC-to-cone feedback currents (Ͼ5 ms), we had to increase the dendritic length to Ͼ275 m, far greater than the actual distance between the recording pipette and HC synapses. These simulations show that the slow time constants observed for feedback were not due to slow changes in voltage at the dendritic tips during an applied voltage step.
Feedback and feedforward kinetics compared at the same cone/HC synapses Although the calculations above suggest that good voltage control can be maintained at cone/HC synapses, we were also able to demonstrate this directly by recording fast feedforward glutama-tergic synaptic transmission at these very same synapses. Feedforward glutamate release is a rapid process known to approach the limits of measurement speed. We compared kinetics of feedback and feedforward transmission because, if feedback is mediated by an ephaptic mechanism, it should be faster than chemical transmission occurring at the same synapse. At the beginning of each experiment, we typically applied a voltage step (Ϫ70 to Ϫ10 mV) to the cone to test whether it was synaptically connected to the simultaneously voltage-clamped HC. As shown previously (Cadetti and Thoreson, 2006) , feedback currents evoked by hyperpolarizing steps applied to HCs were consistently present in pairs where PSCs were evoked by depolarizing steps applied to cones but absent from pairs where PSCs could not be evoked. This indicates that feedback currents occurred at the very same ribbon synapses as feedforward currents. As described previously in greater detail (Cadetti et al., 2005; Bartoletti et al., 2010; Van Hook and Thoreson, 2015) , cone-driven HC PSCs are derived from release at a handful of ribbon synapses and show an initial fast transient inward current followed by a small sustained current (Fig. 4A, top) . The number of ribbon synapses connecting a particular cone/HC pair can be estimated by dividing the peak amplitude of the maximal PSC by 46 pA/ribbon (Bartoletti et al., 2010) . Multiple lines of evidence show that PSCs at cone/HC synapses in salamander retina reflect a linear sum of individual quantal miniature PSCs (Cadetti et al., 2005 (Cadetti et al., , 2008 Rabl et al., 2005) . One can therefore measure the kinetics of feedforward synaptic transmission at the cone synapse by integrating the HC PSC and then fitting the increase in PSC charge transfer with a double exponential function (Bartoletti et al., 2010) . The initial fast component of this double exponential function reflects the rate of fast release of the readily releasable pool of vesicles at the ribbon base (Bartoletti et al., 2010; Van Hook and Thoreson, 2015; Thoreson et al., 2016) . In the example shown in Figure 4A , the fast component of the PSC produced an increase in charge transfer that rose with an initial time constant of 2.1 ms. Overall, the time constants for release measured from PSC charge transfer averaged 3.9 Ϯ 0.24 ms (N ϭ 18), slightly slower than release time constants obtained using capacitance techniques to measure vesicle fusion (2.4 -2.7 ms) (Rabl et al., 2005) . This is probably because exocytotic capacitance techniques measure only vesicle fusion, whereas PSC measurements also include the kinetics of glutamate diffusion and binding to receptors. Experiments using cyclothiazide to inhibit receptor desensitization and low-affinity antagonists to reduce receptor saturation have shown that there is little cross-desensitization or saturation between quanta (Cadetti et al., 2008; Pang et al., 2008) , and so time constants for release measured from PSCs were not distorted significantly by nonlinear or saturating properties of the postsynaptic glutamate receptors.
Because they occur at the very same synapses, measurements of feedforward PSCs evoked in HCs by depolarizing steps applied to cones are limited in time resolution by the very same factors as measurements of feedback kinetics, including voltage-clamp speed of the two cells, electrotonic distance to the synapse, and Ca 2ϩ channel kinetics. An ephaptic mechanism should occur without synaptic delay, and so the feedback current should show faster kinetics than feedforward chemical transmission, which also includes a small delay for release of synaptic vesicles. However, when measured at the same ribbon synapses, the fast component of the inward feedback current evoked in this cone (holding potential ϭ Ϫ20 mV) by a hyperpolarizing step applied to the HC (Ϫ30 to Ϫ90 mV) showed a time constant of 8.8 ms, much slower than the time constant for feedforward synaptic Comparison of cone-to-HC feedforward release and HC-to-cone inhibitory feedback at the same synapse. A, Top, PSC evoked in a voltage-clamped HC (Ϫ60 mV) by a depolarizing test step (Ϫ70 to Ϫ10 mV) applied to a simultaneously voltage-clamped cone. Bottom, Charge transfer of the same PSC fit with a double exponential function (amplitude 1 ϭ 719 fC, 1 ϭ 2.1 ms; amplitude 2 ϭ 1207 fC, 2 ϭ 23.5 ms). B, Feedback current evoked in the same cone by a hyperpolarizing step applied to the same HC (Ϫ60 to Ϫ90 mV) and fit with a single exponential (amplitude ϭ 7.7 pA, ϭ 8.8 ms). Trace represents the average of 3 replicates. release of 2.1 ms (Fig. 4B) . Activation of cone I Ca by a step to Ϫ20 mV should be nearly as fast as stepping to Ϫ10 mV because the amplitude of I Ca evoked by a step to Ϫ20 mV is ϳ90% of that attained by a step to Ϫ10 mV (Rabl et al., 2006) . Even at a cone holding potential of Ϫ30 mV, channel activation kinetics should add Ͻ1 ms (Fig. 2) . Overall, fast feedforward time constants of synaptic release averaged 4.2 Ϯ 0.28 (N ϭ 24; Fig. 5A ) and 3.9 Ϯ 0.24 ms (N ϭ 18; Fig. 5B ) in cell pairs where feedback was tested in cones clamped at Ϫ30 and Ϫ20 mV, respectively. Feedback currents were much slower: fast feedback time constants measured in these same cell pairs at onset of the hyperpolarizing HC step ( on ) averaged 18.2 Ϯ 1.8 (N ϭ 24; Fig. 5A ) and 14.5 Ϯ 1.6 ms (N ϭ 18; Fig. 5B ). PSCs were measured before activation of R s compensation and so feedback trials with 70% R s compensation were not included in these comparisons. The fact that feedforward time constants were 10 -14 ms faster than feedback time constants measured at the same synapses shows very directly that measurements of feedback kinetics were not limited by measurement resolution or the speed at which voltage clamp could be achieved at these synapses. Summing HC and cone yielded time constants of 3.6 Ϯ 0.22 ms (N ϭ 24; Ϫ30 mV trials; Fig. 5A ) and 3.5 Ϯ 0.28 ms (N ϭ 18, Ϫ20 mV trials; Fig. 5B ), ϳ0.5 ms faster than feedforward kinetics of release (Fig. 5 A, B) . This suggests that the kinetics of glutamate release at this synapse added ϳ0.5 ms to the kinetics dictated by voltage-clamp speed.
We next assessed feedback latency, which in this case we defined as the difference between the time constant for feedforward release (the fast component of PSC charge transfer: PSC fast ) and time constants for onset ( on ) or offset ( off ) of inward feedback currents measured at the same synapses. Feedback at onset of the hyperpolarizing HC step was slower (i.e., longer latency) than feedforward release measured at the same synapses by an average of 13.5 Ϯ 1.8 (N ϭ 24) and 10.6 Ϯ 1.6 ms (N ϭ 18) for Ϫ30 and Ϫ20 mV trials, respectively (Fig. 5C ). The mean latencies calculated for feedback at offset were 11.3 Ϯ 1.5 and 11.6 Ϯ 1.7 ms for Ϫ30 and Ϫ20 mV trials, respectively (Fig. 3C) . Median latencies were slightly shorter: 9.1 and 8.1 ms for Ϫ30 and Ϫ20 mV trials at onset and 9.1 and 9.2 ms for Ϫ30 and Ϫ20 mV trials at offset, respectively. These were similar to latency values obtained by comparing the predicted time resolution and feedback kinetics (Fig. 3B) . These data show that negative feedback from HCs to cones is considerably slower than feedforward kinetics of release across the very same synapses, inconsistent with an ephaptic mechanism.
Kinetics of HC-to-rod feedback
Like cones, HCs also provide inhibitory feedback to Ca 2ϩ channels in rod terminals (Thoreson et al., 2008) , and so we measured the kinetics of HC feedback to rods in simultaneously voltage- Figure 5 . Comparisons of feedback, feedforward, and voltage-clamp kinetics at cone/HC synapses. Scatter plot comparing fast time constants for inhibitory feedback from HCs to cones ( on ), fast rise in PSC charge transfer for feedforward synaptic release from cones to HCs (PSC fast ), and summed HC and cone voltage-clamp time constants for each cell pair ( HC ϩ cone ). At onset of the HC step from Ϫ30 to Ϫ90 mV, fast feedback time constants averaged 18.1 Ϯ 1.7 ms (N ϭ 25) when cones were held at Ϫ30 mV (A, on , Ϫ30 mV) and 14.5 Ϯ 1.7 ms (N ϭ 18) when cones were held at Ϫ20 mV (B, on , Ϫ20 mV). Feedforward kinetics were measured at the same synapses by fitting the increase in PSC charge transfer with a double exponential function. Fast time constants for feedforward synaptic release averaged 4.2 Ϯ 0.28 ms (N ϭ 25) in the sample where feedback was tested in cones held at Ϫ30 mV (A, PSC fast , Ϫ30 mV) and 3.9 Ϯ 0.24 ms (N ϭ 18) in the sample where feedback was tested in cones held at Ϫ20 mV (B, PSC fast , Ϫ20 mV). Like feedback, measurement of feedforward kinetics was limited by the 4 sum of the voltage-clamp time constants in the cone ( cone ) and HC ( HC ). HC ϩ cone ϭ 3.57 Ϯ 0.22 ms and 3.46 Ϯ 0.27 ms for trials in which cones were clamped for feedback measurements at Ϫ30 mV and Ϫ20 mV, respectively. The differences between the time constants for inhibitory feedback ( on ) and excitatory feedforward synaptic transmission (PSC fast ) were significant for both comparisons (t tests, paired comparisons; p Ͻ 0.0001). C, The latencies for HC-to-cone feedback in individual cell pairs were calculated by subtracting time constants for feedforward synaptic release ( fast ) from fast feedback time constants obtained at onset ( on ) or offset ( off ) of the hyperpolarizing test step (Ϫ30 to Ϫ90 mV) applied to the HC. Latencies for feedback at onset of this test step averaged 13.5 Ϯ 1.8 (N ϭ 24) and 10.6 Ϯ 1.6 ms (N ϭ 18) for Ϫ30 and Ϫ20 mV trials, respectively (Fig. 3C) . Latencies for feedback at offset were 11.3 Ϯ 1.5 and 11.6 Ϯ 1.7 ms for Ϫ30 and Ϫ20 mV trials, respectively. These values were all significantly greater than zero (one sample t test, p Ͻ 0.0001).
clamped pairs of cells using the same approaches. As illustrated in Figure 6A , application of hyperpolarizing steps from Ϫ30 to Ϫ90 mV in HCs evoked inward feedback currents in rods that were simultaneously voltage-clamped at Ϫ30 mV. As in cones, feedback currents typically increased with a biexponential time course attaining an average amplitude of Ϫ6.9 Ϯ 0.85 pA (N ϭ 9). In the example shown in Figure 6B , the initial inward feedback current evoked in the rod by a hyperpolarizing HC step was fit with a single exponential of 11 ms. The decline in feedback current at offset was fit with time constant of 9.5 ms (Fig. 6C) . The fast time constants at onset and offset averaged on ϭ 15.0 Ϯ 2.5 and off ϭ 11.1 Ϯ 1.0 ms, respectively (N ϭ 9 pairs; Fig. 7A ), and did not differ significantly from one another ( p ϭ 0.15, paired t test). The second time constant from double exponential fits to the inward feedback current averaged 165.0 Ϯ 36.6 ms; the second time constant at offset of feedback averaged 93.0 Ϯ 33.2 ms.
We also compared feedback currents and feedforward synaptic release in the same rod/HC pairs. Figure 6D shows the PSC evoked in the same rod/HC pair by a depolarizing step from Ϫ70 to Ϫ10 mV. This step evoked an initial fast PSC in the HC due to release of vesicles from the synaptic ribbon followed by a slower component of release reflecting nonribbon release triggered by CICR (Cadetti et al., 2006; Chen et al., 2014) . In this rod/HC pair, the fast release rate measured from the initial increase in PSC charge transfer yielded a time constant of 7.1 ms (Fig. 6E) , faster than the fast feedback time constants of 11 ( on ) and 9.5 ( off ) ms measured at the same synapses (Fig. 6 B, C) . Overall, the fast time constant for feedforward release at rod/HC synapses averaged 6.9 Ϯ 0.8 ms (N ϭ 8; Fig. 7A ), faster than the average feedback time constants of 15.0 ( on ) and 11.1 ( off ) ms.
We assessed the limits on measurement kinetics in these rod/HC pairs. Voltage-clamp time constants in this sample of rods ( rod ) averaged 0.96 Ϯ 0.10 ms (N ϭ 9). The second voltageclamp time constant in HCs ( HC ) averaged 2.55 Ϯ 0.36 ms. As in cones, we measured I Ca kinetics in rods by voltage-clamping rods at Ϫ30 mV and applying a 5 mV step for 25 ms. We included 2 mM CsCl in the bathing solution to block I h currents. We repeated the test step 30 -60 times and averaged the resulting currents. We then subtracted passive capacitative and resistive currents averaged from repeated application (100 trials) of a 5 mV test step from Ϫ70 mV. After subtracting the passive currents, we observed an inward I Ca averaging 15.4 Ϯ 2.1 pA (N ϭ 5) that activated at onset of the depolarizing step with a time constant of 2.22 Ϯ 0.41 ms and deactivated at step offset with a time constant of 1.70 Ϯ 0.23 ms (N ϭ 5). For each cell, we then subtracted the rod voltage-clamp time constant from the channel activation and deactivation time constants to find that channel activation kinetics added 1.31 Ϯ 0.25 ms ( activ ), whereas deactivation added 0.79 Ϯ 0.05 ms ( deactiv , N ϭ 5).
We summed these values to calculate the limits on measurement of feedback kinetics. Subtracting measurement kinetics ( HC ϩ rod ϩ activ or HC ϩ rod ϩ deactiv ) from feedback time constants at onset ( on ) or offset ( off ) of the HC test step (Fig. 7B) yielded HC-to-rod feedback latencies averaging 10.1 Ϯ 2.5 ms at onset and 8.2 Ϯ 3.3 ms at offset (N ϭ 9). Median values were 7.6 and 5.0 ms, respectively. These latencies were significantly longer than the latencies of 0 ms predicted for an ephaptic mechanism (paired t tests; on , p ϭ 0.0037; off , p ϭ 0.0003).
We also calculated feedback latency by subtracting time constants for feedforward release kinetics (PSC fast ) from feedback time constants ( on and off ) measured at the same synapses in the same rod/HC pairs. Feedforward synaptic release at rod synapses averaged 3.4 ms slower than the summed voltage-clamp speed for HCs and rods suggesting a relatively long synaptic delay at rod synapses, consistent with slower release kinetics in rods than cones (Rabl et al., 2005; Van Hook and Thoreson, 2015) . Even with this rather lengthy feedforward synaptic delay of 3.4 ms, feedback was nevertheless significantly slower than feedforward Figure 6 . Comparing kinetics of inhibitory feedback to feedforward synaptic transmission at synapses between a rod and HC. A, Inward feedback current evoked in a rod by application of a hyperpolarizing voltage step from Ϫ30 to Ϫ90 mV to a simultaneously voltage-clamped HC. Dashed red lines indicate single exponential fits to the initial inward feedback current at onset of the HC voltage step and decline in feedback current at offset. B, Magnified view of the inward feedback current in the cone showing a single exponential fit to the initial onset ( ϭ 11 ms). C, Magnified view of the initial decline in feedback current at offset of the HC voltage step ( ϭ 9.5 ms). A-C, Bottom, Voltage protocol in the HC. The rod was held at Ϫ30 mV throughout. D, PSC evoked in the same HC (voltage-clamped at Ϫ60 mV) by a depolarizing test step (Ϫ70 to Ϫ10 mV, 100 ms) applied to the rod. E, Charge transfer of the PSC fit with a single exponential curve to the initial fast rise (amplitude ϭ 1410 fC, 1 ϭ 7.1 ms). Protocol for the rod voltage change used to evoke a PSC in the HC is shown beneath E.
release with latencies of 8.2 Ϯ 3.3 ms at onset and 3.8 Ϯ 1.5 ms at offset (N ϭ 8; p ϭ 0.043 at onset, p ϭ 0.034 at offset; Fig. 7B ). These comparisons indicate that, like cones, HC feedback in rods shows slower kinetics than expected for an ephaptic mechanism involving continuously open channels.
Discussion
It has been hypothesized that at the invaginating cone-HC synapse current flowing through the synaptic cleft into open channels in HC dendrites can generate extracellular voltage changes (Byzov and Shura-Bura, 1986; Verweij et al., 1996). Extracellular voltage changes within the synaptic invagination can be converted into detectable cellular responses by altering the activity of adjacent Ca 2ϩ channels in photoreceptor terminals (Vroman et al., 2013) . While such ephaptic voltage changes should occur with no delay, time is required for Ca 2ϩ channels to respond to a voltage change, and additional time is required for changes in I Ca to be detected by a voltage-clamp amplifier. To measure kinetics of inhibitory feedback from HCs to rods and cones, we applied hyperpolarizing steps to voltage-clamped HCs while simultaneously measuring feedback-induced changes in I Ca in synaptically connected photoreceptors. The rate at which the HC membrane potential changes is limited by HC voltage-clamp speed. We therefore compared the latency of feedback currents in photoreceptors to limits imposed by Ca 2ϩ channel kinetics and the combined voltage-clamp latencies in the two cells. Both comparisons showed median latencies of 7-10 ms for HC-to-cone feedback and 5-8 ms for HC-to-rod feedback, much slower than predicted for an ephaptically-mediated voltage change.
Recordings of voltage changes in cones evoked by annular illumination of the receptive field surround revealed multiple components of HC-to-cone feedback (Fuortes et al., 1973; O'Bryan, 1973) involving both sustained voltage changes and regenerative responses arising from activation of cone I Ca (Piccolino and Gerschenfeld, 1978, 1980; Burkhardt et al., 1988) . Like Vroman et al. (2014), we saw both fast and slow components to feedback currents, even in cones that were voltage-clamped to prevent regenerative activation of I Ca . Fast feedback allows spatially averaged luminance to be constantly subtracted from local changes, even during rapidly changing visual scenes (Vroman et al., 2013 (Vroman et al., , 2014 ). While we found that fast feedback is not instantaneous, it is still sufficiently fast to serve this purpose. Light responses of HCs show rise times of tens of milliseconds (Yamada et al., 1985; Yang and Wu, 1989) , shaped largely by the kinetics of photoreceptor light responses (Baylor and Hodgkin, 1973) . Glutamate release and binding are sufficiently fast to not appreciably influence HC light response kinetics (Witkovsky et al., 2001) . The slow kinetics of HC light responses limits the temporal resolution of comparisons with cone feedback kinetics, and this might explain why HC light responses and surround-evoked feedback responses of fish cones showed nearly identical kinetics (Kamermans et al., 2001b; Vroman et al., 2013 Vroman et al., , 2014 . Feedback mechanisms may also differ among species. Zebrafish lacking connexin 55.5 hemichannels showed smaller surround-evoked changes in cone I Ca (Klaassen et al., 2011; Vroman et al., 2014) , whereas eliminating connexins 50 or 57 from mouse HCs did not appear to diminish feedback (Shelley et al., 2006; Dorgau et al., 2015) .
The inward feedback currents observed in this study at holding potentials of Ϫ20 or Ϫ30 mV reflect the increase in photoreceptor I Ca that is caused by a negative shift in I Ca activation voltage and overall increase in I Ca amplitude (Verweij et al., 1996; Hirasawa and Kaneko, 2003) . Inward feedback currents in cones were inhibited by application of HEPES, suggesting that both fast and slow components involve pH changes. The fast component of feedback likely represents direct feedback effects on I Ca . The second component may reflect slow changes in cleft proton levels that could in turn drive slow changes in I Ca . Additionally, by elevating cytoplasmic Ca 2ϩ , feedback-induced increases in I Ca should activate Ca 2ϩ -dependent Cl Ϫ and K ϩ channels that could shape slow feedback currents, although these currents should be outward under the conditions of our experiments.
The speed with which we detected changes in feedback currents in photoreceptors was limited by voltage-clamp speed. Capacitative transients in cones declined with an exponential time course exhibiting a time constant of ϳ2 ms; rods showed a voltage-clamp time constant of ϳ1 ms. Much of the time needed Figure 7 . Comparisons of feedback, feedforward, and measurement kinetics at rod/HC synapses. A, Scatter plot comparing fast feedback time constants measured in rods at onset ( on ) or offset of the HC voltage step ( off ), measurement kinetics (the sum of voltage-clamp time constants in the HCs, voltage-clamp time constants in the rods, plus activation or deactivation kinetics of Ca 2ϩ channels: HC ϩ rod ϩ activ and HC ϩ rod ϩ deactiv ), and feedforward release kinetics at the same synapses (time constants fit to the initial fast rise in PSC charge transfer: PSC fast ). The differences between feedback time constants ( on or off ) and the corresponding measurement kinetics ( HC ϩ rod ϩ activ and HC ϩ rod ϩ deactiv ) were both significant (paired t tests; on , p ϭ 0.0037; off , p ϭ 0.0003; N ϭ 9). The differences between feedback time constants ( on or off ) and feedforward (PSC fast ) transmission in the same pairs were also significant (paired t tests; on vs PSC , p ϭ 0.0430; off vs PSC , p ϭ 0.0341; N ϭ 8). B, Latencies for HC-to-rod feedback were calculated in individual cell pairs by subtracting measurement kinetics ( HC ϩ rod ϩ activ and HC ϩ rod ϩ deactiv ) from the corresponding fast feedback time constants at onset (On) and offset (Off) of the hyperpolarizing HC voltage step. Latencies were also calculated by subtracting time constants for feedforward synaptic transmission from feedback time constants at onset ( on -PSC ) and offset ( off -PSC ) of the HC step.
